Background: Tumor-associated macrophages (TAMs) serve as crucial modulators of the complicated interaction between cancer cells and immune microenvironment. Sirtuin 1 (SIRT1) has an impact on immune reactions in cancer progression. Current knowledge of the role of SIRT1 in the regulation of M1-like macrophages as well as in hepatocellular carcinoma (HCC) is insufficient. Methods: SIRT1 expression in HCC tissues was detected using quantitative reverse transcriptase PCR (qRT-PCR) and Western blot. M1 markers were detected by qRT-PCR and flow cytometry assay. Moreover, the influence of SIRT1 on HCC cell apoptosis, migration, and invasion was studied using transwell assay, flow cytometry assay, and TUNEL assays, respectively. Results: In this study, it was revealed that SIRT1 was upregulated in patients suffering from HCC; these patients were also shown to have elevated levels of M1-like TAM infiltration. SIRT1 was able to reinforce M1-like macrophage infiltration and inhibit HCC metastasis. Furthermore, SIRT1 enhanced NF-κB stimulation, promoting phosphorylation of p65, IκB, and IκB kinase. It was further demonstrated in our study that SIRT1 had an impact on polarization of M1 through the NF-κB pathway. NF-κB repression downregulated M1 markers in macrophages, which excessively expressed SIRT1 and counteracted the influence of SIRT1 on migration of HCC cells. Conclusion: Taken together, these results offer proof that SIRT1 is an essential regulator of the immune reaction that counteracts malignant HCC cell migration as well as growth, indicating that macrophage SIRT1 could serve as an innovative target to treat HCC.
Introduction
Hepatocellular carcinoma (HCC) is characterized by its high mortality rate, accompanied by chronic inflammatory reactions in liver. 1 The step-by-step progression of HCC is characterized by alterations in the hepatic microenvironment. 2 To date, no drug has been approved for first-line treatment of terminal HCC, which comprises 40%-70% of all HCC cases. 3 Consequently, it is important to discover and target essential pathways that strengthen treatment efficacy via stimulation of antitumor immune reactions for improved prognosis and survival in the future.
Cancers are often characterized by excessive infiltration of macrophages. 4, 5 The M1 subtype of macrophages represses tumors, while the M2 subtype promotes them.
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Zhou et al Treatment approaches that affect the bioactivity and/or existence of macrophages have been proved to be promising preclinically and are currently being assessed clinically. 9, 10 Stimulated macrophages are able to phagocytose malignant cells by hindering the interaction between CD47 and signal regulatory protein alpha (SIRPa), which has been contemporarily applied to cancer treatment in various clinical trials. [11] [12] [13] Furthermore, it should be taken into account that macrophages contribute to antitumor reactions. 14 It has been shown preclinically that macrophage proliferation in tumors is repressed, and TAM half-lives are shortened in comparison to resident macrophages of corresponding normal tissues. 15, 16 As a result, aggregation of TAMs in the tumor microenvironment, particularly M1 TAMs with phagocytic capability, is indispensable to TAM quantity protection and antitumor immunity in human cancers. 17, 18 Agents participating in these reactions are innovative targets to treat the disease.
As a part of sirtuin family (SIRT1-SIRT7) in mammals, SIRT1 is a conserved deacetylase relying on nicotinamide adenine dinucleotide (NAD)+, which contributes to the regulation of transcriptional silencing and cell viability. [19] [20] [21] [22] The expression of SIRT1 was significantly increased in the HCC cell line. The tumorigenic influence of SIRT1 has been demonstrated in HCC in recent years, except for its influence on different biological reactions, such as inhibition of cell death and enhancement of proliferation, tumor stimulation, progression, and metastasis. 23, 24 It was verified that SIRT1 had an impact on tumorigenesis, metastasis, and clinical outcomes as well as resistance to chemotherapy in HCC, caused by deacetylation of tumor suppressor or oncogenic factors. 25, 26 Nevertheless, the role of SIRT1 in the regulation of M1-like macrophages and in HCC is unclear.
Materials and methods clinical specimens
Tissue specimens were acquired from the First Affiliated Hospital of Xinxiang Medical College. Fresh specimens such as tumor tissues and corresponding noncancerous liver tissues were acquired from patients suffering from HCC after neoplasm excision. Fifteen HCC specimens were acquired from 2010 to 2014. Median age of the patients was 50 years (range: 17-73 years). HCC was diagnosed based on histopathology in all patients. None of the patients underwent anticancer treatment or displayed distant metastases before operation. Written informed consent was obtained from all participants prior to the study. For any participant under 18 years of age, a parent or guardian provided written informed consent. This research was approved by the School of Basic Medical Sciences, Xinxiang Medical University First Affiliated Hospital of Xinxiang Medical College, and conducted in accordance with the Declaration of Helsinki.
cell cultivation and treatment
The hepatic cancer cell lines, HepG2 and RAW 264.7, HL-60 were bought from Bioresource Collection and Research Center (Shanghai, China) in 2014. Cell cultivation was performed in DMEM with 10% FBS at 37°C under conditions of 5% CO 2 .
Lipopolysaccharide (LPS; 100 ng/mL) and interferongamma (IFN-γ; 20 ng/mL) were applied for 24 hours to activate RAW 264.7 macrophages in order to harvest M1 macrophages. Conditioned medium arising from RAW 264.7 or HL-60 macrophages was used for HepG2 activation for 24 hours in order to detect cell migration, death, and invasion.
cell transfection
Plasmids of SIRT1-pcDNA3.1 (HMGB1) and pcDNA3.1 (vector) were used for transfection. Briefly, six-well plates were seeded with RAW 264.7 or HL-60 macrophages with 4×10 5 cells/well. The cultivating medium was spiked with 4 µg of plasmid DNA and 3 µL of Turbofect reagent and then incubated for 6 hours. The transfection admixture was removed by centrifugation after 6 hours, and cells underwent another 24-hour incubation in normal medium.
immunohistochemistry (ihc)
HCC cells were fixed with formalin, embedded, sliced, and stained using primary antibodies targeting CD16/32 and CCR7 via standard IHC methods. Two-minute counterstaining of nuclei was carried out using DAPI (provided by SigmaAldrich). Confocal microscopy (LSM510, METALaser Scanning Microscope; Carl Zeiss) was used for observation as well as image acquisition. 
rna isolation and qrT-Pcr
cell migration assessment
Transwell assays were carried out in order to investigate migration. Briefly, DMEM without serum including 1 µg/mL mitomycin C was applied to a suspension of 50,000 cells, which were later seeded in the top well of a poly-carbonate transwell containing 24 wells (MD Millipore, Billerica, MA, USA). The bottom well contained DMEM with 10% serum. Cells on the top surface of the filters were eliminated after an incubation of 24 hours. Cells at the bottom surface were fixed, stained with 1% crystal violet, and quantified.
cell invasion assessment
Transwell chambers with Matrigel coating were utilized in order to perform invasion assays. Cells that underwent transfection were planted in the top chamber (1.0×10 5 cells/ chamber) and were incubated for 24 hours under conditions of 5% CO 2 and 37°C. FBS (20%) at the bottom of the chambers served as a chemoattractant A cotton swab was used to eliminate cells that did not exhibit invasion at the top surface after incubation, while those showing invasion at the bottom surface were fixed using 100% methanol and stained with 1% crystal violet. Microscope images were used to quantify the number of cells showing invasion characteristics. Six random fields were selected for quantification in each assay.
evaluation of cell apoptosis
Flow cytometry (FC) was used for cell-death assessment. Cells were washed twice in cold PBS, spun down for 5 minutes at 100 rpm, and resuspended in binding buffer. FITC-Annexin V and propidium iodide (PI) were added before incubating for 10 minutes at room temperature. A FACScan flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was used to detect fluorescence signals.
TUnel assay
Cells on the slide were fixed with the help of 4% paraformaldehyde. An in situ cell death detection kit (provided by Roche) was used for TUNEL labeling of dead cells according to the manufacturer's instructions.
Fc
Cells were incubated with anti-mouse CD16/32 antibody conjugated to PE (R&D Systems, Inc., Minneapolis, MN, USA) and were washed before FC was carried out as instructed (Guava Easy Cyte™8; EMD Millipore).
Western blotting analysis
Lysis buffer (Beyotime, Jiangsu, China) was used for homogenization of cell lysates. Bradford assay (Bio-Rad, Hercules, CA, USA) was used for protein quantification. Proteins were checked for quality with a standard SDS-PAGE. Enhanced chemiluminescence and a detection reagent (Pierce, Rockford, IL, USA) was utilized in order to examine immunoreactive bands, which were analyzed using an Omega 16ic chemiluminescence imaging system (UltraLum, Claremont, CA, USA). Primary antibodies used were as follows: rabbit anti-PhosphoIKKα/β (2697; Cell Signaling Technology, Beverly, MA, USA), rabbit anti-IKKβ (8943; Cell Signaling Technology), rabbit anti-Phospho-NF-κB p65 (3033; Cell Signaling Technology), and rabbit anti-NF-κB p65 (8242; Cell Signaling Technology).
statistical analysis
Results are displayed as mean ± SEM. Evaluation of differences was performed using a two-tailed, unequal-variance Student's t-test or ANOVA prior to Tukey's post hoc analysis. Values with P,0.05 were considered to be statistically significant.
Results
expression of sirT1 is increased in hcc tissues
In order to measure the SIRT1 protein expression levels in clinical HCC tissues, RT-PCR and Western blotting were carried out in a cohort of 15 HCC tissues and paired non-malignant tissues. As shown in Figure 1A -C, not only mRNA but also protein SIRT1 levels were elevated in HCC tissues compared to non-malignant tissues. In addition, it has been shown via IHC that the HCC tissues contained more M1 macrophages ( Figure 1D ). M1 markers were increased in the HCC tissues together with a decrease in M1 markers ( Figure 1E and F 
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sirT1 promoted M1 macrophage polarization in vitro
In this study, we transiently induced SIRT1 expression to evaluate its impact on the polarization of M1 macrophages. The expression of M1 markers including IL-1β, inducible nitric oxide synthase (iNOS), IL-6, and TNF-α was noticeably elevated in cells that underwent transfection with SIRT1 in comparison with those that underwent vector transfection after LPS and IFN-γ treatment (Figure 2A-D) . Treatment of LPS+ IFN-γ significantly upregulated M1 markers including CD16/32 as demonstrated via FC. However, the upregulation was more noticeable in cells with SIRT1 transfection compared to those with vector transfection (Figure 2E and F) . The above-mentioned findings suggested that SIRT1 promoted polarization of M1 macrophages.
sirT1 in macrophage promoted hcc cell death
To examine the role of SIRT1 in HCC cell apoptosis, FC with Annexin V/PI staining was carried out. Cells received a supplement of conditioned medium from macrophage transfected with SIRT1 or vector. The rate of apoptosis was remarkably increased by conditioned medium generated from SIRT1-transfected macrophages when compared with that of vector-transfected macrophages ( Figure 3A and B) . Cell death was additionally demonstrated via a subsequent TUNEL assay. Cells with positive TUNEL staining were markedly increased in HepG2 cells by conditioned medium generated from SIRT1-transfected macrophages, when compared with that from vector-transfected macrophages ( Figure 3C ). The similar results were obtained from conditioned medium from human macrophage line HL-60 transfected with SIRT1 or vector ( Figure 3D and E) . These findings demonstrated that SIRT1 promotes apoptosis of HCC cells via modulation of polarization of M1 macrophages.
sirT1 in macrophage inhibited migration as well as invasion of hcc cells Next, we investigated the contribution of SIRT1 to migration as well as invasion capability of HCC cells. The migration ability of HepG2 cells was tested with a migration assay utilizing transwell chambers without coating. HepG2 received a supplement of conditioned medium from macrophages 
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Zhou et al transfected with SIRT1 or vector. It was revealed via the migration assay that excessive SIRT1 expression significantly decreased the migration of cells ( Figure 4A and B) . Invasion capability of HepG2 cells was evaluated using an invasion assay that utilized polycarbonate transwell filters preliminarily coated with Matrigel. The number of invasive HepG2 cells that migrated to the bottom surface of the filter membrane was lower for HepG2 cells after SIRT1 transfection than that after transfection with the vector control ( Figure 4C-D) . These results indicated that SIRT1 promoted polarization of M1 macrophages which contributed to inhibitory effect on invasion as well as migration of HepG2 cells.
sirT1 enhanced nF-κB pathway stimulation in macrophages
Because NF-κB pathways play an essential role in M1 macrophage polarization, 27 our research investigated its impact on NF-κB stimulation. Phosphorylation of p65 as well as IκB kinase (IKK) was noticeably increased in SIRT1-transfected macrophages compared to vector-transfected macrophages after LPS+ IFN-γ treatment ( Figure 5 ). Furthermore, IκB was remarkably downregulated in SIRT1-transfected macrophages compared to vector-transfected macrophages in reaction to LPS+ IFN-γ activation. The above-mentioned findings demonstrated that SIRT1 promoted macrophage NF-κB stimulation.
suppressive effects of sirT1 on M1 macrophages and tumors were counteracted via inhibition of nF-κB pathway Our research has shown that SIRT1 reinforced polarization of M1 microglia as well as NF-κB stimulation. Bay-11-7082, an inhibitor specific to NF-κB, was supplemented in macrophages to examine whether reinforced NF-κB stimulation assisted polarization of M1 microglia. It was demonstrated via q-PCR that SIRT1-transfected macrophages displayed upregulation of genes associated with M1 compared to vector-transfected macrophages. However, the phenotype was counteracted via Bay-11-7082 ( Figure 6A and B) . Furthermore, conditioned medium from SIRT1-transfected macrophages significantly inhibited the migration of HepG2 cells, and this inhibitory effect was also counteracted via Bay-11-7082 ( Figure 6C and D) . These data indicated that SIRT1 reinforced M1 macrophage polarization and inhibited HCC cell migration via the NF-κB pathway. 
Discussion
As a conserved protein deacetylase relying on NAD+, SIRT1 contributes to various cellular reactions. [28] [29] [30] SIRT1 is able to deacetylate histones as well as emerging non-histone substrates that contribute to various signaling pathways. [31] [32] [33] A growing number of studies have suggested that SIRT1 serves as an essential modulator of DNA injury, inflammation, survival extension, metabolism stress, and tumor progression. [34] [35] [36] In terms of inflammation, SIRT1 is able to deacetylate some transcription factors as well as modulate immune cell 
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38 SIRT1 has an impact on not only infiltrating immunocytes but also cancer cells in the tumor microenvironment. Shedding light upon the activities of SIRT1 associated with cancer in both systems could offer possible avenues of treatment targeting SIRT1. In particular, Al-Bahrani et al found that an expression 
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Zhou et al β Figure 6 The repressing impact of sirT1 on M1 macrophages as well as cancer cells was counteracted via inhibition of nF-κB signaling. Notes: raW 264.7 macrophages were transfected with sirT1 or vector and were subsequently activated utilizing 100 ng/ml lPs and 20 ng/ml iFn-γ and BaY for 24 hours. expression of l-1β (A) and TnF-α (B) was evaluated via qPcr in raW 264.7 macrophages. raW 264.7 macrophages were transfected with sirT1 or vector and were subsequently activated utilizing 100 ng/ml lPs, 20 ng/ml iFn-γ, and BaY for 24 hours. hepg2 cells were then treated with abovementioned conditioned medium from raW 264. 
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Zhou et al of SIRT1 was found in eleven of 16 (68.75%) HCC and in five of 14 (35.71%) cholangiocarcinoma cases. Western blot analysis showed the expression of SIRT1 in all cell lines studied, although a stronger signal was seen in the HCC cell line. Our research demonstrated that SIRT1 upregulation was correlated with an elevation in the density of M1-like macrophages in HCC tissues. SIRT1 reinforced polarization of M1 macrophages and inhibited metastasis of HCC.
TAMs are able to convey oncogenic signals in chronic inflammatory reactions and eliminate precancerous senescent liver cells in order to avoid HCC. 39 Selectively steering or reeducating macrophages to anticancer phenotypes could serve as a promising treatment strategy. 40 Furthermore, programmed cell death protein 1 (PD-1) and programmed cell death ligand 1 (PD-L1) could be an innovative regulating "checkpoint" of macrophages, if the macrophages display PD-1 expression in the tumor microenvironment. 41 As C-C chemokine ligand 2 and colony-stimulating factor 1 have an essential impact on recruitment of macrophages to tumor tissues, targeting these ligands and/or corresponding receptors in order to eliminate the cancer-promoting capability of macrophages has attracted significant attention. 42 These treatment methods allow for improved outcomes in multiple preclinical models, but adding additional targets could have a complementary effect. Targeting liver macrophages could reduce HCC in the background of chronic hepatic illness or promote novel treatments in diagnosed HCC. Despite these promising findings, any HCC treatment that targets macrophages should take into consideration the versatile activity of liver macrophages in fibrosis, chronic inflammatory reactions, and tumor progression.
IKKβ inhibition has been shown to reinforce tumorrepressing polarization of macrophages, while sustained IKKβ stimulation propels macrophages in a malignancyenhancing direction. 43 Nevertheless, in established fibrosarcomas, inhibition of NF-κB stimulation assists in steering M2-like TAMs in a cancer-promoting direction. Additionally, NF-κB restimulation is able to transform an M2 phenotype to M1. 44, 45 Above-mentioned findings indicate that NF-κB stimulation of macrophages could have an essential impact on various cancers. It has been shown in our research that reinforced NF-κB stimulation in macrophages with excessive SIRT1 expression propels TAM polarization to a tumor-repressing phenotype. IκBα phosphorylation inhibition eliminates the tumor-repressing activity of macrophages with excessive SIRT1 expression in vitro.
Conclusion
This study has shown that M1 macrophages have an essential impact on HCC, and SIRT enhances this effect by regulating polarization of macrophages to a tumor-repressing phenotype via reinforcing NF-κB stimulation. These findings suggest that macrophage SIRT1 could serve as an innovative target to treat HCC.
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